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The temperature dependence of the symmetry energy for isotopic chains of even-even Ni, Sn, and
Pb nuclei is investigated in the framework of the local density approximation (LDA). The Skyrme
energy density functional with two Skyrme-class effective interactions, SkM* and SLy4, is used in
the calculations. The temperature-dependent proton and neutron densities are calculated through
the HFBTHO code that solves the nuclear Skyrme-Hartree-Fock-Bogoliubov problem by using the
cylindrical transformed deformed harmonic-oscillator basis. In addition, two other density distri-
butions of 208Pb, namely the Fermi-type density determined within the extended Thomas-Fermi
(TF) method and symmetrized-Fermi local density obtained within the rigorous density functional
approach, are used. The kinetic energy densities are calculated either by the HFBTHO code or,
for a comparison, by the extended TF method up to second order in temperature (with T 2 term).
Alternative ways to calculate the symmetry energy coefficient within the LDA are proposed. The
results for the thermal evolution of the symmetry energy coefficient in the interval T = 0− 4 MeV
show that its values decrease with temperature. The temperature dependence of the neutron and
proton root-mean-square radii and corresponding neutron skin thickness is also investigated, showing
that the effect of temperature leads mainly to a substantial increase of the neutron radii and skins,
especially in the more neutron-rich nuclei, a feature that may have consequences on astrophysical
processes and neutron stars.
PACS numbers: 21.60.Jz, 21.65.Ef, 21.10.Gv, 21.30.Fe
I. INTRODUCTION
In recent years, many studies have been carried out to
understand the density dependence of the nuclear equa-
tion of state (EOS) over a wide range of densities and
temperatures (see, e.g., Ref. [1, 2] and the topical issue
of the European Physical Journal A on nuclear symmetry
energy (NSE) [3]). This is needed for a reliable treatment
of a large variety of nuclear and astrophysical phenom-
ena. One very important ingredient of the EOS from
both experimental and theoretical aspects is the symme-
try energy that describes the dependence of the energy
per nucleon on the proton to neutron ratio. It is im-
portant to distinguish between finite nuclei and infinite
nuclear matter, where for the latter, the Coulomb in-
teraction is turned off. Nuclear matter is characterized
by its energy per particle as a function of density and
other thermodynamic quantities (e.g., temperature). At
the same time, within, e.g., the local-density approxima-
tion (LDA) [4–7] or coherent density fluctuation model
(CDFM) [8–10], one can use the EOS of asymmetric nu-
clear matter (ANM) to obtain information on finite sys-
tems.
The nuclear symmetry energy, as a fundamental quan-
tity in nuclear physics and astrophysics, represents a
measure of the energy gain in converting isospin asym-
metric nuclear matter to a symmetric system. Its value
depends on the density ρ and temperature T . Experi-
mentally, the nuclear symmetry energy is not a directly
measurable quantity and is extracted indirectly from ob-
servables that are related to it (e.g., [11, 12]). The need
of information for the symmetry energy in finite nuclei
(including the one theoretically obtained) is a major is-
sue because it allows one to constrain the bulk and sur-
face properties of the nuclear energy-density functionals
(EDFs) quite effectively. More information on the nu-
clear symmetry energy is still required for understanding
the structures of nuclei far away from the β-stability line,
heavy-ion collisions, supernova explosions, and neutron
star properties. As can be seen, e.g., in Refs. [13–17],
an increasingly wide range of theoretical ideas are be-
ing proposed on the density dependence of the symmetry
energy as well as on some associated nuclear character-
istics. In the last years, the temperature dependence of
single-particle properties in nuclear and neutron matter
was also broadly investigated including studies in finite
systems, as well (e.g., Refs. [4, 18–25]).
The thermal behavior of the symmetry energy has a
role in changing the location of the nuclear drip lines as
nuclei warm up. Also, it is of fundamental importance
for the liquid-gas phase transition of asymmetric nuclear
matter, the dynamical evolution mechanisms of massive
stars and the supernova explosion [26]. Since the density
derivative of the symmetry coefficient reflects the pres-
sure difference on the neutrons and protons and is thus
one of the determinants in fixing the neutron skin of nu-
clei, the nature and stability of phases within a warm
neutron star, its crustal composition or its thickness [27]
2would be strongly influenced by the temperature depen-
dence of the symmetry energy.
The problem of accurate treatment of the thermody-
namical properties of hot finite nuclei is still challenging.
Since the pioneering work of Brack and Quentin [28] on
thermal Hartree-Fock (HF) calculations various methods
have been developed to study the dynamical evolution
of such excited systems. Among them we note semi-
classical approaches based on the microscopic Skyrme-
HF formalism [29] and Thomas-Fermi (TF) approxima-
tion [30] with inclusion of the continuum effects in HF
calculations at finite temperature [31]. Further, refined
Thomas-Fermi description of hot nuclei was reported in
Ref. [32]. The extended Thomas-Fermi (ETF) model pro-
posed by Brack in Ref. [33] through inclusion of second-
order gradient corrections to the TF density function-
als showed their decisive role in obtaining an excellent
agreement with HF results. More recently, Hartree-Fock-
Bogoliubov (HFB) models [34–36] and finite temperature
HF+BCS approximation with zero-range Skyrme forces
[37] have been developed. A relativistic TF approxima-
tion with different relativistic mean-field (RMF) nuclear
interactions has been also explored to extract the sym-
metry energy coefficient for several representative nuclei
and to study its temperature dependence [21].
A sensitive probe of the nuclear symmetry energy is
the neutron-skin thickness of nuclei (see, for example,
Ref. [38] and references therein). The latter is commonly
defined in terms of the difference between the neutron
and proton root-mean-square (rms) radii and is found
to be closely related to the density dependence of the
NSE, with the EOS of pure neutron matter and prop-
erties of neutron stars [39–46]. It is also related to a
number of observables in finite nuclei, including the NSE
(see, e.g., [4, 8, 9, 47–65]), although its precise measure-
ment is difficult to be done. As examples, in Ref. [37]
Yu¨ksel et al. have analyzed the temperature dependence
of the nuclear radii for 120Sn nucleus and neutron skin as
a function of N/Z value for tin isotopic chain within the
finite temperature HF+BCS framework using Skyrme in-
teractions. The same nuclear characteristics have been
computed within the relativistic TF approximation for
56Fe and 208Pb nuclei in Ref. [21], where both neutron
and proton rms radii are found to increase significantly
with increasing T , comparable to those shown in Ref. [30]
from HF calculations.
In our previous works [8, 9] the symmetry energy was
studied in a wide range of spherical and deformed nu-
clei on the basis, as an example, of the Brueckner EDF
of ANM [66, 67]. In these works the transition from
the properties of nuclear matter to those of finite nu-
clei was made using the coherent density fluctuation
model [68, 69]. In Ref. [8] a study of the correlation
between the thickness of the neutron skin in finite nu-
clei and the nuclear symmetry energy (s) for the isotopic
chains of even-even Ni (A=74–84), Sn (A=124–152) and
Pb (A=206–214) nuclei, also the neutron pressure (p0)
and the asymmetric compressibility (∆K) for these nu-
clei was performed. The calculations were based on the
deformed self-consistent mean-field HF+BCS method us-
ing the CDFM and the Brueckner EDF. The same ap-
proaches were used in Ref. [9] for the calculations of
the mentioned quantities of deformed neutron-rich even-
even nuclei, such as Kr (A=82–120) and Sm (A=140-
156) isotopes. The numerical results for s, p0, and ∆K
for neutron-rich and neutron-deficient Mg isotopes with
A=20–36 were presented in Ref. [10].
The main aim of this work is, apart from the ρ-
dependence investigated in our previous works [8–10], to
study also the temperature dependence of the symmetry
energy in finite nuclei. We focus on the determination of
the symmetry energy coefficient, for which we have ex-
plored the local density approximation [4–7] with some
modifications. In the present paper the thermal evolution
of the symmetry energy coefficient is investigated for Ni,
Sn, and Pb isotopic chains in the interval T=0–4MeV us-
ing different model temperature-dependent local density
distributions for these nuclei. We restrict ourselves to
this temperature range because, in accordance with sev-
eral findings (e.g., in Ref. [70]), the limiting temperature
(above which the nucleus cannot exist as a bound system)
has been evaluated around 4 MeV for finite nuclei with
mass number A ≥ 100. The temperature-dependent den-
sities of these nuclei are calculated within a self-consistent
Skyrme-HFB method using the cylindrical transformed
deformed harmonic-oscillator basis (HFBTHO densities)
[71, 72]. The kinetic energy density is calculated either
by the HFBTHO code or by the TF expression up to
T 2 term [22]. We have used two parametrizations of the
Skyrme force, namely, SLy4 and SkM*, which were able
to give an appropriate description of bulk properties of
spherical and deformed nuclei in the past. In addition,
we present some results for the 208Pb nucleus with den-
sities obtained within the ETF method [29, 33] and the
rigorous density functional approach (RDFA) [73]. The
effect of temperature on the rms radii of protons and neu-
trons and the formation of neutron skin in hot nuclei is
also analyzed and discussed.
This article is organized as follows. In Sec. II, we
give the theoretical elements to obtain the symmetry
energy coefficient and briefly describe the temperature-
dependent nuclear densities. In Sec. III, we present the
numerical results for hot nuclei properties and the tem-
perature dependence of the symmetry energy of finite
nuclei. Section IV contains the conclusions.
II. THEORETICAL FORMALISM
A. Temperature-dependent symmetry energy
coefficient with Skyrme energy density functional
For finite systems, different definitions of the symmetry
energy coefficient and its temperature dependence are
considered in the literature. In the present paper we
develop an approach to calculate the symmetry energy
3coefficient for a specific nucleus starting with the LDA
expression given in [4, 5]:
esym(A, T ) =
1
I2A
∫
ρ(r)esym[ρ(r), T ]δ
2(r)d3r. (1)
In Eq. (1) I = (N − Z)/A, esym[ρ(r), T ] is the sym-
metry energy coefficient at temperature T of infinite
nuclear matter at the value of the total local density
ρ(r) = ρn(r)+ρp(r), δ(r) = [ρn(r)−ρp(r)]/ρ(r) is the ra-
tio between the isovector and the isoscalar parts of ρ(r),
with ρn(r) and ρp(r) being the neutron and proton local
densities. The symmetry energy coefficient esym(ρ, T )
can be evaluated in different ways. Following Refs. [4, 7],
we adopt in this work the definition
esym(ρ, T ) =
e(ρ, δ, T )− e(ρ, δ = 0, T )
δ2
, (2)
where e(ρ, δ, T ) is the energy per nucleon in an asymmet-
ric infinite matter, while e(ρ, δ = 0, T ) is that one of sym-
metric nuclear matter. These quantities are expressed by
e = E(r, T )/ρ, where E(r, T ) is the total energy density
of the system. For the Skyrme energy density functional
that we use in our work it has the form:
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~
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× [(∇ρn)
2 + (∇ρp)
2] + Ec(r), (3)
where for infinite homogeneous nuclear matter only the
first three lines of Eq. (3) contribute. The derivative
terms vanish and the Coulomb term Ec is neglected. In
Eq. (3) t0, t1, t2, t3, x0, x1, x2, x3, and α are the Skyrme
parameters. We use in this work the interactions SkM*
[74] and SLy4 [75]. The nucleon effective mass mq,k is
defined through
m
mq,k(r)
= 1 +
m
2~2
{[
t1
(
1 +
x1
2
)
+ t2
(
1 +
x2
2
)]
ρ
+
[
t2
(
x2 +
1
2
)
− t1
(
x1 +
1
2
)]
ρq
}
, (4)
with q = (n, p) referring to neutrons or protons. The
dependence on temperature of E(r, T ) [Eq. (3)] and
m/mq,k(r) [Eq. (4)] comes from the T -dependence of the
densities and kinetic energy densities.
A self-consistent approach based on the simultane-
ous treatment of temperature-dependent density distri-
butions and kinetic energy density is related to the fi-
nite temperature formalism for the HFB method. In
it the nuclear Skyrme-HFB problem is solved by using
the transformed harmonic-oscillator basis [71]. The HF-
BTHO code based on the mentioned approach is used in
our numerical calculations.
The HFBTHO code solves the finite temperature HFB
equations assuming axial and time-reversal symmetry.
These equations are formally equivalent to the HFB equa-
tions at T = 0 if the expressions of the density matrix ρ
and pairing tensor κ are redefined as
ρ = UfU † + V ∗(1− f)V T ,
κ = UfV † + V ∗(1− f)UT , (5)
where U and V are the matrices of the Bogoliubov
transformation (here T means transpose) and f is the
temperature-dependent Fermi-Dirac factor given by
fi =
(
1 + eEi/kBT
)−1
. (6)
In this expression Ei is the quasiparticle energy of the
state i and kB is the Boltzmann constant. In HFBTHO
the Fermi level λ is determined at each iteration from the
conservation of particle number in BCS approach [71],
N(λ) =
∑
i
[
vi(λ)
2 + fi(λ)
(
ui(λ)
2
− vi(λ)
2
)]
, (7)
where the BCS occupations are given by
v2i =
1
2
[
1−
ei − λ
EBCSi
]
, u2i = 1− v
2
i , (8)
and EBCSi =
[
(ei − λ)
2 +∆2i
]1/2
. Note that at T = 0 the
Fermi-Dirac factors are zero and one recovers the usual
expressions for ρ and κ in Eq. (5) and for the number of
particles in Eq. (7).
B. Temperature-dependent kinetic energy density
There exist various methods to obtain the kinetic en-
ergy density τq(r, T ) entering the expression for E(r, T )
[Eq. (3)]. One of them is, as mentioned above, to use the
HFBTHO code. Another way is to use the TF approx-
imation adopted in Ref. [4], or an extension of the TF
expression up to T 2 terms [22]:
τq(r, T ) =
2m
~2
εKq =
3
5
(3π2)2/3
×
[
ρ5/3q +
5π2m2q
3~4
1
(3π2)4/3
ρ1/3q T
2
]
. (9)
In Eq. (9) the first term in square brackets is the de-
generate limit at zero temperature and the T 2 term is
the finite-temperature correction. By using the approx-
imate expression (9) for the kinetic energy density, Lee
and Mekjian performed calculations of the volume and
surface symmetry energy coefficients for finite nuclei in
4Ref. [22] showing that the surface symmetry energy term
is the most sensitive to the temperature while the bulk
energy term is the least sensitive. In the present work
we calculate the kinetic energy density using the self-
consistent Skyrme-HFB method and the HFBTHO code.
Also, for a comparison we present the results when using
τq(r, T ) from Eq. (9).
C. Temperature-dependent densities
In our work the local density distributions are calcu-
lated by the HFBTHO code [71]. The T -dependent pro-
ton and neutron densities ρq(~r, T ) normalized by∫
ρq(~r, T )d~r = Q, Q = Z,N (10)
determine the corresponding mean square radii
< R2q >=
∫
r2ρq(~r, T )d~r∫
ρq(~r, T )d~r
, (11)
the rms radii
Rq =< R
2
q >
1/2 , (12)
and the neutron skin thickness which is usually charac-
terized by the difference of the neutron and proton rms
radii:
∆R = Rn −Rp. (13)
In addition, two other density distributions of 208Pb
[76], namely the Fermi-type density determined within
the ETF method [29, 33] and the symmetrized-Fermi lo-
cal density obtained within the rigorous density func-
tional approach (RDFA) [73], are used. The density
within the ETF method [29, 33] which is the semi-
classical limit of the temperature-dependent Hartree-
Fock (THF) theory [28] has the form:
ρETF (r, T ) = ρ0(T )
{
1 + exp
[
r −R(T )
α(T )
]}−γ(T )
. (14)
The temperature-dependent local density parameters ρ0,
R, α and γ are obtained for the nucleus 208Pb with the
SkM* effective force. The local densities (14) reproduce
the averaged THF results up to temperature T=4 MeV
[28]. The symmetrized-Fermi local density distribution
determined for the same nucleus within the RDFA [73] is
ρSF (r, T ) = ρ0(T )
sinh[R(T )/b(T )]
cosh[R(T )/b(T )] + cosh[r/b(T )]
.
(15)
The temperature-dependent local density parameters ρ0,
R, and b are obtained with the SkM effective force up
to T=10 MeV. As it has been demonstrated in [73], the
RDFA reproduces almost exactly the THF results [31]
up to temperatures T=8 MeV above which the nucleus
is unstable with respect to the THF calculations [31].
D. Relationships for calculations of T -dependent
symmetry energy coefficient
As mentioned in Sec. II A, in the present work we
use the approach given by Eqs. (1) and (2), as well as
the T -dependent Skyrme EDF [Eq. (3)] to calculate the
symmetry energy coefficient. Here we note the specific
problem that arises, namely how to calculate the term
e(ρ, δ = 0, T ) of Eq. (2) that is responsible for the con-
tribution of the energy per particle of symmetric nuclear
matter. One of the expressions shown in Ref. [7] to cal-
culate esym(T ) for a nucleus with mass number A is in
the spirit of the liquid-drop model and has the form:
esym(T ) = [e(N,Z, T )− e(A/2, A/2, T )]/X
2, (16)
where X = (N − Z)/A is the asymmetry parameter.
Eq. (16) is valid when the energy per particle of the nu-
cleus e does not contain the Coulomb contribution. As
pointed out in Ref. [7] in the cases of relatively heavy
nuclei, the stable systems are usually isospin-asymmetric
and then, the definition given by Eq. (16) may not be
operative. The suggested expression in [4, 7] is
esym(T ) = [e(A,X1, T )− e(A,X2, T )]/(X
2
1 −X
2
2 ), (17)
where X1 and X2 are the asymmetry parameters of the
nuclear pair. As it has been concluded in [7] the value of
esym(T ) from Eqs. (16) and (17) depends on the choice of
the nuclear pair and, thus, its value is not unambiguous
for a particular nucleus.
Therefore, in our study aiming to investigate the tem-
perature dependence of esym within a given isotopic
chain, we introduce other definitions of esym(A, T ) in
LDA that, in our opinion, would be more appropriate
in this case. They concern namely the above mentioned
problem of calculating the term e(ρ, δ = 0, T ) of Eq. (2)
for symmetric nuclear matter. In our LDA approach the
latter is simulated by considering the N = Z = A/2
nucleus, but we analyze two possibilities. First, on the
basis of Eqs. (1) and (2) with e = E(r)/ρ, we present the
integrand of the right-hand side of the following expres-
sion for I2esym(A, T ) as a difference of two terms with
transparent physical meaning:
5I2esym(A, T ) =
∫
d~r
[
E(ρA(r), δ, T )
A
−
E(ρA1(r), δ = 0, T )
A1
]
, (18)
in which the first one corresponds to the energy per vol-
ume and particle of nuclear matter E(ρA(r), δ, T )/A with
a density ρA(r) equal to that of the considered nucleus
with A nucleons, Z protons and N neutrons from the
given isotopic chain. The second term E(ρA1(r), δ =
0, T )/A1 is the analogous for the isotope with A1 = 2Z
(N1 = Z = A1/2). For example, for the Ni isotopic
chain the nucleus A1 is the double-closed shell nucleus
56Ni (Z = N1 = 28), while for the Sn isotopic chain
the nucleus A1 is the double-closed shell nucleus 100Sn
(Z = N1 = 50) and both 56Ni and 100Sn isotopes play a
role of reference nuclei.
Our second new definition of esym(A, T ) is based on
the expression (16) that is for finite nuclei. The latter
allows us, using the LDA, to present esym(A, T ) in the
form:
I2esym(A, T ) =
∫
d~r
A
[
E(ρA(r), δ, T )− E(ρA¯(r), N = A¯/2, Z = A¯/2, δ = 0, T )
]
, (19)
in which the mass number A¯ = A is the same, but with
different nucleon content, A(Z,N) and A¯(Z = A¯/2, N =
A¯/2). This consideration requires the even-even nucleus
with N = Z = A¯/2 to be bound.
In the calculations (with results presented in Sec. III B)
the T -dependent densities and kinetic energy densities
are calculated by using Eqs. (1)–(4), as well as the HF-
BTHO code. For a comparison, the results obtained by
using TF expression with T 2 term for the T -dependent
kinetic energy densities [Eq. (9)], as well as those ob-
tained by using T -dependent densities from the ETF
method [Eq. (14)] and the RDFA [Eq. (15)] for 208Pb
nucleus are also presented in Sec. III B.
III. RESULTS FOR NI, SN, AND PB ISOTOPIC
CHAINS AND DISCUSSION
A. Temperature-dependent densities, nuclear radii,
and neutron skins
We start our analysis by studying the local density dis-
tributions ρ(r) and their changes with respect to the tem-
perature. The results for these densities of the nucleus
208Pb obtained within the ETF method [Eq. (14)] and
RDFA [Eq. (15)], as well as the Skyrme HFB method,
are given in Figs. 1 and 2, respectively. In addition to
the proton and neutron densities, normalized to Z=82
and N=126, respectively, that are presented in the left
panel of Fig. 1, we give also in the right panel of the
same figure the total local density of 208Pb normalized
to A=208. It can be seen that ETF method and RDFA
yield densities that have smooth behavior with r at any
temperature T although the RDFA, in contrast to ETF
method, incorporates the THF shell effects [76]. Fig-
ure 1 also shows that with increasing temperature all
type of densities decrease in the central part of the nu-
cleus. This decrease is stronger for the neutron distri-
butions of 208Pb. The proton and neutron local density
distributions of 208Pb obtained within the Skyrme HFB
method in Fig. 2 have somewhat different behavior. The
same trend with the increase of the temperature can be
observed, but in this case the HFBTHO densities ex-
hibit a stronger T -dependence. At the same time, it is
observed that the nuclear surface becomes more diffuse
with increasing T , while a similar reduction of the den-
sities at the center of the nucleus shown in Fig. 1 takes
place. This is a natural consequence of the weakness of
the shell effects with increasing T .
In Fig. 3 we display as examples the density distribu-
tions of protons and neutrons for double-magic 78Ni and
132Sn nuclei at T=0, 2, and 4 MeV obtained by using
the SLy4 and SkM* parametrizations within the HFB
method. It can be seen from Fig. 3 that the differences
between the curves corresponding to the three tempera-
tures are smaller in these nuclei in comparison with the
case of 208Pb shown in Fig. 2. The tendency in the be-
havior of proton and neutron densities of 78Ni and 132Sn
obtained with a given Skyrme force (SLy4 or SkM*) is
similar. For example, the use of both parametrizations
leads to a depression of the proton densities in the in-
terior of 132Sn [Figs. 3(c) and 3(d)] being larger at zero
temperature and to a growth in the same region for the
neutron densities, but in an opposite direction relative to
T [Figs. 3(c′) and 3(d′)]. As a consequence, a spatial ex-
tension of both densities at the surface region is observed
with the increase of T . Namely this region is responsible
for the emergence of a neutron skin (e.g., Ref. [38]).
We show in Figs. 4–6 the neutron and proton rms radii
[Eq. (12)] and their difference known as the neutron-skin
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FIG. 1: (Color online) Proton ρp(r) and neutron ρn(r) local density distributions of
208Pb obtained within the ETF method
(a) and RDFA (b) for temperatures T=0 MeV (black solid line), T=1 MeV (red dashed line), T=2 MeV (blue dotted line),
T=3 MeV (purple dash-dotted line), and T=4 MeV (yellow dash-double-dotted line). The total density distribution ρ(r) of
208Pb obtained within the RDFA is also presented.
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FIG. 2: (Color online) Proton and neutron local density distributions of 208Pb obtained within the HFBTHO method [71]
with SLy4 (a) and SkM* (b) forces. Five different curves for protons (in black) and neutrons (in red) represent the results
for the corresponding densities for temperatures T=0 (solid line), T=1 MeV (dashed line), T=2 MeV (dotted line), T=3 MeV
(dash-dotted line), and T=4 MeV (dash-double-dotted line).
thickness [Eq. (13)] as a function of the mass number A
for Ni (A=60–82), Sn (A=124–152), and Pb (A=202–
214) isotopic chains, respectively, calculated by using
SLy4 force. First, it can be seen that the proton rms
radii for all cases increase more slowly than the neutron
ones, which is valid for all the isotopic chains and tem-
peratures. This is naturally expected in isotopic chains
where the number of protons remains fixed. In addition,
while the results of both radii at T = 0 and T = 2 MeV
are close to each other with increasing A, one can see a
steep increase of their values when the nucleus become
very hot (T=4 MeV). In the case of Pb isotopes there is
almost no change of the proton radius within the chain
at T = 4 MeV [Fig. 6(a)]. The neutron rms radii for
the same chain tend to increase [see Fig. 6(b)], but not
so rapidly as they increase for the Ni and Sn isotopes
(Figs. 4 and 5). As can be seen from Figs. 4(c), 5(c),
and 6(c), the neutron-skin thickness exhibits the same
trend as the rms radii. It grows significantly with the in-
crease of T being much larger at T=4 MeV than at lower
temperatures T=0, 2 MeV.
The mechanism of formation of neutron skin in tin iso-
topes has been studied in Ref. [37], where the changes in
the neutron skin was attributed mainly to the effect of
temperature on the occupation probabilities of the single-
particle states around the Fermi level. In [37] a more lim-
ited Sn isotopic chain up to 120Sn was considered. Our re-
sults for larger A in this chain (from A = 124 to A = 152)
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(a) and neutron Rn (b) radius of the Ni isotopes (A=60–82)
calculated with SLy4 interaction at T = 0 MeV (solid line),
T = 2 MeV (dashed line), and T = 4 MeV (dash-dotted line).
Neutron skin thickness ∆R as a function of A (c) for the Ni
isotopes.
also show a slow increase of the neutron skin size. The
enhancement of the proton and neutron radii at high tem-
peratures leads to a rapid increase of the neutron skin
size. We would like to note that at zero temperature, the
use of HFBTHO temperature-dependent densities in the
present approach confirms the observation in our previ-
ous work [38] (where the densities were calculated within
a deformed Skyrme HF+BCS approach), namely that a
pronounced neutron skin can be expected at A > 132 in
Sn and A > 74 in Ni isotopes.
The results for the proton and neutron radii and their
difference (neutron-skin thickness) as a function of the
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8temperature T for selected 60Ni, 78Ni, and 82Ni isotopes,
are illustrated in Fig. 7. The calculations are made by
using SLy4 parametrization. In addition, similar plots
with results for three tin (124Sn, 132Sn, 152Sn) and lead
(202Pb, 208Pb, 214Pb) isotopes are presented in Figs. 8
and 9, respectively. In the temperature range T=0–4
MeV considered in the present work, we find a very slow
increase of the proton radius compared to the rapid in-
crease of the neutron radius with the temperature. As it
is seen from Fig. 7(a), only for 60Ni nucleus both proton
and neutron rms radii are very similar and behave sim-
ilarly with temperature. In fact, the dependence of the
neutron skin thickness with temperature in 60Ni is very
small and we observe only a tiny effect compatible with
an almost null skin thickness [we note the small scale in
60Ni in Fig. 7(a′) in comparison with those of 78Ni and
82Ni in Figs. 7(b′) and (c′), respectively]. Here we would
like to note that the use of SkM* interaction leads to re-
sults for the proton and neutron radii, as well as for the
neutron skin thickness of the considered isotopes, very
similar to those obtained by using of SLy4 Skyrme force
and presented in Figs. 4–9.
The temperature dependence of rms radii obtained in
this work for 208Pb can be compared to that shown in
Ref. [21]. In the latter work properties of hot nuclei have
been studied within the relativistic TF approximation
and different RMF parametrizations were tested. The
temperature dependence of the proton radius agrees well
with that of Ref. [21], which in the range below T = 4
MeV is quite independent of the RMF parametrization
used. On the other hand, the temperature dependence of
the neutron radius in [21] is more sensitive to the RMF
parametrization used. The dependence on T of the neu-
tron radii in our calculations is more pronounced, in-
creasing with T much faster than those in Ref. [21]. As a
result, the neutron skin thickness, which is rather flat in
[21], increases more rapidly with T in our calculations. It
turns out that we get values of the neutron skin thickness
at zero temperature (0.16 fm) similar to those obtained
in [21] by using FSU parametrization. As it has been
pointed out in Ref. [38], the RMF results for ∆R sys-
tematically overestimate the Skyrme HF results. This is
confirmed by the larger values of the neutron-skin thick-
ness of 208Pb obtained in Ref. [21] when using NL3 and
TM1 models.
B. Temperature dependence of the symmetry
energy coefficient
In understanding the symmetry energy coefficient esym
for finite nuclear systems and their thermal evolution,
some ambiguities about their proper definition could be
noted. First, we use the new definition of the symmetry
energy coefficient esym given by Eq. (18) and the results
for several nuclei from the three isotopic chains calcu-
lated with SkM* interaction are presented in Fig. 10.
They are obtained by simultaneous consistent treatment
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of both T -dependent nucleon densities and kinetic energy
densities within the HFB method and computed by the
HFBTHO code. As noted in subsection II D, there exist
difficulties in the calculations of the term e(ρ, δ = 0, T )
of Eq. (2) for symmetric nuclear matter, namely, of using
the reference case δ = 0 when the nucleus with Z = N1
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is unbound. Keeping this in mind, as an attempt, for
Ni and Sn isotopes we take as reference nuclei (A1) the
nuclei 56Ni (Z = N1 = 28) and 100Sn (Z = N1 = 50),
respectively. The case of the Pb isotopic chain is even
more difficult because the eventual nucleus of reference
with Z = N1 = 82 is clearly unbound and there do not
exist appropriate bound nuclei for the purpose. As a
way to overcome this difficulty, we try in this case to use
again the 100Sn as a reference nucleus with Z = N1 = 50,
normalized with A1 = 100 in Eq. (18).
The symmetry energy coefficient exhibits almost flat
behavior for the double-magic 78Ni and 132Sn nuclei.
Here we would like also to emphasize that if one extends
the temperature range, the values of esym may become
negative. This fact has been already discussed in the lit-
erature, for instance in Refs. [7, 21], where a subtraction
procedure has been employed for modelling the hot nu-
cleus. The negativity of esym at high temperatures vio-
lates the general understanding of the symmetry energy.
Generally, however, in our opinion the expression (18)
is reliable, particularly when considering isotopic chains,
but obviously the question about the proper definition
of the symmetry energy coefficients for finite nuclei still
remains open.
As a next step of our work, we give in Fig. 11 the
results for the symmetry energy coefficient of five Ni iso-
topes obtained by using Eq. (19) and SkM* force. The
same difficulties noted above at the discussion of the re-
sults presented in Fig. 10 and obtained by using Eq. (18),
appear in this case. We limited ourselves to these cases
because, as mentioned in Sec. II D, the even-even nucleus
with N = Z = A¯/2 (A¯ = A) should be bound. This is
possible only for Ni isotopes but not for Sn and Pb ones.
For instance, in the case of Sn isotopes all the N = Z
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and Pb (A=206–214) (c) isotopic chains with SkM* force.
The nucleon densities and kinetic energy densities used to
calculate esym are consistently derived from HFBTHO code.
nuclei with A¯ (A¯ = A) starting at 124 (N = Z = 62) are
unbound. So, we consider the cases 64Ni: N = Z = 32
(64Ge), 68Ni: N = Z = 34 (68Se), 72Ni: N = Z = 36
(72Kr), 76Ni: N = Z = 38 (76Kr), 80Ni: N = Z = 40
(80Zr). In contrast to the results presented in Fig. 10
and further in Fig. 12, the esym(A, T ) for the Ni iso-
topes calculated using Eq. (19) and shown in Fig. 11
do not decrease smoothly and have a different behavior.
As already mentioned above, the question of calculating
the symmetry energy coefficient for heavy nuclei with a
10
large isospin asymmetry needs more efforts in order to
overcome the ambiguities of the results for esym(A, T ) in
finite nuclei using various definitions. In our work we sug-
gested and used two possible ways to solve the problem.
The quite different results obtained in both cases show
the strong dependence of the symmetry energy coefficient
for finite nuclei on the proper definition.
For completeness, we perform a comparative analy-
sis of esym for several isotopes from the same Ni, Sn,
and Pb chains applying the LDA in a version based
on Eqs. (1)-(4). The symmetric nuclear matter part of
Eq. (2) e(ρ, δ = 0, T ) is obtained approximately with
densities ρn = ρp = ρ/2, where ρ is the total density
calculated with the HFBTHO code. The kinetic energy
density is from the TF method with T 2 term [22] in
Eq. (9) calculated with the above densities. So, in this
case τn ≈ τp. The results are presented in Figs. 12 and
13. Figure 12 illustrates the isotopic evolution of the sym-
metry energy coefficient on the examples of Ni (A=64–
82), Sn (A=124–152), and Pb (A=202–214) chains in the
case of both SLy4 and SkM* Skyrme interactions used in
the calculations. A smooth decrease of esym is observed
with the increase of the mass number. Unfortunately,
it is difficult to compare our results with other theoret-
ical calculations of esym of nuclei from the mass range
covered in the present work except from the results for
208Pb shown in Refs. [4, 21] and for the mass number
A = 120 presented in Fig. 5 of Ref. [7]. The mass depen-
dence of esym(A) calculated by using the same road-map
[Eqs. (1)-(9)] and densities from the HFBTHO code is
displayed in Fig. 13 for Ni, Sn, and Pb isotopic chains
for the same SLy4 and SkM* interactions at three tem-
peratures, T=0, 2, and 4 MeV. From one hand, one can
see that the values of esym calculated with SLy4 overes-
timate those obtained with SkM* force. From another
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metry energy coefficient esym obtained by using Eq. (19) for
several nuclei from Ni (A=64–80) isotopic chain with SkM*
force. The nucleon densities and kinetic energy densities used
to calculate esym are consistently derived from HFBTHO
code.
side, the difference between both sets of values decreases
going to higher temperatures, in a way that it is small at
the transition from T=0 to T=2 MeV and a ”gap” ap-
pears between the results corresponding to T=2 and T=4
MeV. For Pb isotopic chain even a ”crossover” of curves
that correspond to temperatures T=0 and T=2 MeV and
both parametrizations is observed in Fig. 13(c). We also
would like to note the existence of a kink in the values
of esym(A) at zero temperature at the double-magic
78Ni
and 132Sn nuclei (see Figs. 13(a) and 13(b)) as well as the
lack of kinks in the Pb isotopic chain [Fig. 13(c)]. These
results confirm our previous observations when studying
the density dependence of the symmetry energy for Ni,
Sn, and Pb isotopes [8, 9]. We also note that in the cases
of esym(A) for Ni and Sn isotopic chains the kinks exist
for T = 0 MeV, but not for T = 2 and T = 4 MeV. The
reason is the well-known fact that the shell effects can be
expected up to T ≤ 2 MeV. One can see that the values
of esym of isotopes in the three chains at T = 0 MeV ob-
tained by following this procedure are larger than those
shown in Fig. 10 obtained by using Eq. (18) with den-
sities and kinetic energy densities obtained consistently
using the HFBTHO code. This can be due to the not
realistic choice of the reference nucleus in the Pb chain
(100Sn) within the previous procedure [Eq. (18)].
As a next step we present in Fig. 14 the results for
208Pb obtained using Eqs. (1)-(9) with three different
densities, namely those obtained within the ETF, RDFA,
and HFB (with SkM* and SLy4 forces) methods. The
kinetic energy densities are obtained within TF method
with T 2 term [Eq. (9)]. The results for the thermal evo-
lution of the symmetry energy coefficient in the interval
T=0–4 MeV show that its values decrease with temper-
ature being larger in the case of symmetrized-Fermi den-
sity of 208Pb obtained within the RDFA. As already dis-
cussed, the applications of different methods fail to give
unique values for the symmetry energies for finite nu-
clei or their temperature dependence. Nevertheless, we
would like to note that our results for esym are close to
the result obtained within the LDA (in a version reported
in Ref. [4]) and within the relativistic TF approximation
in Ref. [21] for the same nucleus. The differences in the
results can be referred to the different calculation ingre-
dients (nucleon densities, kinetic energy density etc.) or
the adopted procedure to obtain the symmetry energy
coefficient.
IV. CONCLUSIONS
In this work, a theoretical approach to the nuclear
many-body problem has been used to study the tempera-
ture dependence of the symmetry energy coefficient in fi-
nite nuclei and other properties, such as the T -dependent
nucleon densities and related rms radii, as well as the
possibility of formation of neutron skins. The approach
uses as a ground previous considerations within the local-
density approximation (e.g., Refs. [4–7]) combining it
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FIG. 12: (Color online) Temperature dependence of the symmetry energy coefficient esym obtained for several nuclei from Ni
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densities and T 2-approximation for the kinetic energy density [Eq. (9)].
with the self-consistent Skyrme-HFB method using the
cylindrical transformed deformed harmonic oscillator ba-
sis [71, 72]. For infinite nuclear matter a Skyrme energy
density functional with SkM* and SLy4 parametrizations
is used. In our work we consider the isotopic chains of
neutron-rich Ni, Sn, and Pb isotopes that represent an
interest for future measurements with radioactive exotic
beams. In addition to the HFBTHO densities of these
isotopes, two other temperature-dependent densities of
208Pb were used in the present paper: the local densities
within the ETF method [29, 33] that reproduce the aver-
aged THF results up to temperature T=4 MeV, and the
symmetrized-Fermi local density distribution determined
within the RDFA [73]. The properties of hot nuclei were
modelled in a temperature range T=0–4 MeV. We have
found that the ETF and RDFA results for the density dis-
tributions demonstrate a smooth function with r at any
temperature T , while the Skyrme HFB densities have a
stronger T -dependence. In general, the density distribu-
tions decrease with the temperature in the center of the
nucleus. Following the trend of the corresponding proton
and neutron rms radii, the neutron-skin thickness grows
significantly with the increase of T within a given isotopic
chain. The calculated neutron-skin thicknesses by using
12
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HFBTHO densities show similar results when both SLy4
and SkM* interactions are used. Second, we find that
at zero temperature a formation of a neutron skin can
be expected to start at A > 78 and A > 132 for Ni and
Sn isotopes, respectively, thus confirming our previously
obtained results in Refs. [8, 38].
Our investigations of the T -dependent symmetry coef-
ficients esym(A, T ) for finite nuclei (in particular, cases
of Ni, Sn, and Pb isotopic chains) within the LDA with
some modifications face the problem for the choice of
density distributions and the kinetic energy densities.
In our work both quantities are calculated through the
HFBTHO code that solves the nuclear Skyrme-Hartree-
Fock-Bogolyubov problem by using the cylindrical trans-
formed deformed harmonic-oscillator basis [72]. We have
explored the LDA expression [Eq. (1)] for the symme-
try energy esym(A, T ), as well as Eq. (2), the Skyrme
energy density functional E(r, T ) (the first three lines of
Eq. (3)) and the nucleon effective mass [Eq. (4)]. Aiming
to study the T -dependence of esym within a given isotopic
chain, we introduced two new definitions of esym(A, T )
[Eqs. (18) and (19)] within the LDA, as an attempt to
analyze in a more appropriate way the symmetry energy
coefficient of finite nuclei within a given chain. Particu-
larly, for the cases when there is no Z = N = A/2 bound
nucleus HFB solution, none of the recipes used seems to
be totaly justified or free from ambiguities, so that more
work along this line is required. It is demonstrated that
using Eq. (18), the thermal sensitivity of the symme-
try energy coefficient (Fig. 10) is comparatively weaker
than the one revealed when using the procedure based on
Eqs. (1)-(9). In general, the results of esym calculated for
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[Eq. (14)], RDFA [Eq. (15)], and HFB (with SkM* and SLy4
forces) densities. They are obtained by using Eqs. (1)-(4) and
T 2-approximation for the kinetic energy density [Eq. (9)].
various isotopes in the present work are in good agree-
ment with theoretical predictions for some specific nuclei
reported by other authors. At the same time, however,
the difference between the results given for example, in
Figs. 10(a) and 11 (obtained using Eqs. (18) and (19), re-
spectively) points out the dependence of the calculations
of esym(A, T ) on various definitions of this quantity.
Additionally, we perform a comparative analysis of
esym using the procedure given by Eqs. (1)–(4), in which
the kinetic energy densities are obtained from the ex-
tension of the TF method up to T 2 term [22] [Eq. (9)]
and with HFBTHO densities. The results for the ther-
mal evolution of the symmetry energy coefficient of all
isotopes obtained by the procedure (1)-(9) show that its
values decrease with temperature (Fig. 12). This is ob-
served also in the particular case of 208Pb nucleus, for
which different densities have been tested to get esym. It
is found from the comparison (see Fig. 14) that the use
of symmetrized-Fermi density obtained within the RDFA
[Eq. (15)] leads to larger values of the symmetry energy
coefficient. At the same time, for all isotopic chains con-
sidered and for both Skyrme forces used in the calcula-
tions the symmetry energy coefficient decreases smoothly
with the increase of the mass number in the same tem-
perature interval (Fig. 12). In addition, it comes out
that SLy4 force produces larger values of esym than the
SkM* force with a fast decrease of esym when T increases.
Studying the mass dependence of the symmetry energy
coefficient (Fig. 13), we would like to note also the exis-
tence of a kink in Ni and Sn isotopic chains at the double-
magic 78Ni and 132Sn nuclei at T = 0 MeV, respectively,
and a lack of kink in Pb chain. This observation con-
firms the result obtained previously in our works [8, 9]
when studying the nuclear symmetry energy of spheri-
cal neutron-rich nuclei, particularly its isotopic evolution.
We pointed out that the values of esym at T = 0 MeV
obtained within this procedure for the considered three
chains are larger than those obtained by using Eq. (18)
(Fig. 10) with densities and kinetic energy densities from
the HFBTHO code. For Pb isotopes the values of esym
are larger than those for Ni and Sn chains.
Having in mind the dependence of esym(A, T ) on its
various definitions we note that more refined future in-
vestigations, for instance, of the temperature dependence
of both volume and surface components of the symmetry
energy coefficient [7], would provide better description
of hot nuclei and could minimize the ambiguities due to
the use of different definitions for the symmetry energy
coefficient of finite nuclei. These studies based on our
previous work [53] and the present one are in progress.
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